The gut microbiota has been implicated in the development of a number of chronic gastrointestinal and systemic diseases. These include inflammatory bowel diseases, irritable bowel syndrome, and metabolic (i.e. obesity, non-alcoholic fatty liver disease, and diabetes) and neurological diseases. The advanced understanding of host-microbe interactions has largely been due to new technologies such as 16S rRNA sequencing to identify previously unknown microbial communities and, more importantly, their functional characteristics through metagenomic sequencing and other multi-omic technologies, such as metatranscriptomics, metaproteomics, and metabolomics. Given the vast array of newly acquired knowledge in the field and technological advances, it is expected that mechanisms underlying several disease states involving the interactions between microbes, their metabolites, and the host will be discovered. The identification of these mechanisms will allow for the development of more precise therapies to prevent or manage chronic disease. This review discusses the functional characterization of the microbiome, highlighting the advances in identifying bioactive microbial metabolites that have been directly linked to gastrointestinal and peripheral diseases.
Major themes/advances in gut microbiota research
The gut microbiota has been implicated in the development of many chronic and systemic diseases, including inflammatory bowel diseases, metabolic disease, and neurological disorders. Over the past 15 years, the field of microbiome research has grown exponentially, in part because of new technologies, particularly 16S rRNA amplicon sequencing, which has led to the identification of previously unidentified members of the gut microbial community as well as an advanced understanding of their functional characteristics through shotgun metagenomic sequencing, and other multi-omic technologies such as metatranscriptomics, metaproteomics, and metabolomics. Although much has been uncovered about gut microbiota, whether or not it plays a causal role in the development of disease remains unclear. Given the vast array of newly gained knowledge in the field, it is likely that the mechanistic role of gut microbes and their microbial metabolites underlying several disease states will be discovered. With the identification of these mechanisms, development of personalized, precise therapies to improve or prevent chronic disease may become a reality. The goal of this review is to briefly discuss the functional capacity of the microbiome, challenges associated with multi-omic technologies, and recent advances in identifying microbial metabolites that have been directly linked to gastrointestinal and peripheral diseases.
Gut microbial ecosystem
The gut microbiota consists of over 10 trillion microbial cells and is a primary source of thousands of small molecules and other bioactive compounds that can trigger both host metabolic and immune pathways. The human gut microbiota also contains about 1000 different bacterial species with defined functions allowing them to thrive and create a niche in the midst of others with redundant or competing functions. Microbial ecosystems maintain homeostasis through a tight balance of cell-to-cell signaling and release of antimicrobial peptides to control neighboring bacterial clades allowing for their persistence in the confines of the human host. In addition to securing community dynamics with neighboring microbes, gut microbes also communicate with the human host in either a symbiotic or deleterious fashion, the latter contributing to the development of human disease.
Advances in metagenomics and metabolomics have led to the discovery of thousands of microbe-derived small molecules as well as the genes associated with their production. Although the advances in technology and wealth of big data sets have expanded our knowledge and appreciation for the contribution of gut microbes, the challenge remains in identifying small molecules that elicit a biological effect upon the host, the physiological levels necessary to do so, and how to assess the physiological impact of the targeted molecule (1). The following section will describe the basis of these technologies and discuss the strengths and challenges with these methods, particularly the challenge of incorporating and understanding these datasets simultaneously.
Functional characterization of the microbiome

Metagenomics
Many research studies that correlate the involvement of the microbiome with disease states in animal models and humans have relied heavily on the use of 16S rRNA marker gene amplicon-sequencing platforms. Although this technology has (2) . However, the reference genome database used is a limiting factor if it does not accurately reflect gene functions for the microbial community of interest, particularly in the case of rare members of the gut microbial community (3).
To gain more accurate insights into microbial community gene function, high throughput shotgun metagenomic sequencing has become an important tool, as it avoids many biases introduced by amplicon sequencing due to its untargeted nature. Shotgun metagenomic sequencing allows for an indepth characterization of known microbial genes as well as identification of novel genetic microbial material. Following DNA shearing and template amplification, the short reads that are obtained can either be mapped to reference genomes or undergo de novo assembly, and functional annotation can be performed using specialized analyses platforms. For mapping purposes, off-line platforms such as HUMAnN (4) and on-line platforms, including MG-RAST (5) or JCVI Metagenomics Reports (METAPREP) (6), can be utilized. Assembly programs include khmer (7) and novel interfaces, such as A'nvio (8) .
Although bias is avoided using this technique, if sequencing depth and coverage are insufficient, the reads cannot be properly assembled, and gene assignment based on known reference genomes cannot be completed. In addition, contaminating host DNA can overwhelm the sequencing output, inhibiting amplification of microbial sequences (3) . In this case, samples such as this would require more sequencing depth and coverage, which can be cost-prohibitive, or require strategies to eliminate host DNA contamination and enrich for microbial DNA (3). Despite these limitations, the information gleaned from shotgun metagenomics has led to the identification of unique microbial strain-specific genes, particularly in the context of human disease (4).
Metatranscriptomics
Shotgun metagenomics provides a fingerprint of the gene content and functional capacity of the microbial community. However, it cannot be used to assess the activity of microbial gene expression. Combining shotgun metagenomic sequencing data with metatranscriptomic shotgun sequencing provides advantages for identification of the active microbial genome under differing conditions or disease states. Initially, total RNA from the microbial community is isolated and enriched for RNA (mRNA, lincRNA, and microRNA) followed by fragmentation. RNA is then converted to cDNA via reverse transcriptase with either random hexamers or oligo(dT) primers. Libraries are then constructed and sequenced (9) .
Although this technology offers more precise characterization of the activity of the microbial whole genome, many technical issues can limit its utility. Collection and storage of gut microbial samples to maintain RNA integrity can be challenging, which can lead to an insufficient yield of quality microbial RNA for downstream purification strategies. For instance, in the process of enriching for mRNA, ribosomal RNA is eliminated, which constitutes nearly 90% of total RNA. Similar strategies to those used for shotgun metagenomics can be used for downstream data analysis with metatranscriptomic sequences. By applying these tools to the metatranscriptomic sequences, taxonomy can be assigned along with their actively expressed gene functions (9) . This application can improve existing annotations, which remains a limiting factor of the utility of these technologies when inferring functionality of specific microbes.
By coupling shotgun metagenomic and metatranscriptomic sequencing, greater insights are possible with regard to functional genetic material and activity within the gut microbial community. Several bioinformatic tools can serve dual functions and integrate the two complementary strategies, including HUMAnN and Anvi'o (4, 8) . Despite gaining an overall snapshot of the genetic composition and activity of specific genes within the gut microbial community, actual metabolic output remains unknown. Although some limitations exist, further exploration of microbially derived metabolites via metabolomics may provide the most valuable insights into gut microbial functional capacity and its impact on the host in health and disease.
Metabolomics
To determine the contribution of gut microbes to the host metabolism, one strategy has been to compare tissues of germfree (GF) mice raised in the complete absence of microbiota to their conventionally raised or conventionalized counterparts. Although this tool has provided a great deal of insight, several limitations must first be recognized. First, it is acknowledged that GF mice exhibit several developmental abnormalities and altered structural features of the gastrointestinal tract, including increased transit time, enlarged cecum, shorter villi, and a thinner intestinal wall. Germ-free mice also display differences in other physiological features such as altered metabolism and reduced cardiac output (10 -12) . Nevertheless, discoveries using GF mice have allowed for opportunities to identify the contribution of gut microbes to the host metabolome as well as to investigate the potential of bacterial metabolites to drive host phenotypes and disease outcomes. For instance, several studies comparing GF mice to their conventionally raised counterparts showed that gut microbes impact thousands of metabolites in peripheral serum as well as in specific tissues, including the liver, brain, heart, kidney, and central nervous system (13) (14) (15) (16) (17) .
Beyond the use of GF mice, recent technological advances in the discovery of metabolites (or small molecules) have helped to advance our understanding of the contribution of gut microbes to the host metabolome. It is well accepted that characterization of the human metabolome can provide much insight into determining states of health or disease. Thus far, identification of metabolites is achieved through the use of advanced targeted and untargeted analytical chemistry techniques, including nuclear magnetic resonance spectrometry (NMR), gas chromatography-mass spectrometry (GC-MS), and liquid chromatography-mass spectrometry (LC-MS). These technologies, when used as complementary approaches, can yield vast amounts of information about the composition of both inorganic and organic compounds potentially derived from microbes, such as amino acids, lipids, sugars, biogenic amines, and organic acids, including volatile organic compounds (VOCs), ribosomally synthesized and post-translationally modified peptides, glycolipids, oligosaccharides, terpenoids or secondary bile acids, nonribosomal peptides, and polyketides (1).
VOCs, detected via GC-MS or selected ion flow tube-mass spectrometry (SIFT-MS), have been investigated for use as sensitive screening markers for inflammatory bowel disease (IBD). For example, VOCs were reported to distinguish IBD patients from healthy controls as well as Crohn's disease (CD) from ulcerative colitis (UC) patients. Specifically, dimethyl sulfide and hydrogen sulfide, produced by several classes of bacteria, were significantly different in CD versus UC patients (18) . However, in this study, the authors were not able to determine the precise contribution of microbes alone, as the host can also produce these specific metabolites. In addition to this technology, further advances in matrix-assisted laser desorption ionization time-of-flight mass-spectrometry (MALDI-TOF) have allowed for the detection and imaging of specific metabolites in healthy and disease states (19) . This technology has also been used in the clinical microbiology setting to identify specific bacteria in a high-throughput manner even in complex human fecal samples (20 -22) . Coupled with the ability to obtain pure cultures of specific microbes, the spectra peak output from techniques such as this can then be compared with existing databases, including MetaCyc (23), Human Metabolome Database (HMDB) (24), SetupX, and BinBase to aid in the identification and perhaps source of specific metabolites (25) .
Although these technologies provide a great deal of information, computational tools to gain insights into large-scale datasets are prohibitive to discovery. To combat this, a large body of evidence as well as analytical tools and algorithms to identify biosynthetic gene clusters (BGCs) and the associated microbial metabolome have been developed and vetted by Medema and Fischbach (26) . Another tool that may be especially useful in identifying microbe-derived bioactive compounds and coupling them to BGCs is the Integrated Microbial Genomes-Atlas of Microbial Gene Clusters (IMP-ABC), which is a publicly available database of biosynthetic gene clusters and predicted secondary metabolites that is based on a collection of thousands of published isolated genomes and metagenomes (27) . This tool is expected to allow researchers to identify novel gene clusters from single isolates where whole genome sequencing has been performed or via metagenomes that may generate biologically active small molecules that impact host health.
Metabolomic research can also allow for better insight into the contribution of microbes to xenobiotic metabolism and the secondary metabolites they produce as a result that may have a significant impact on the host. Recent work has highlighted that the gut microbiota is a key contributor to regulating host drug metabolism because it is the first to interact with ingested xenobiotics prior to transport to the liver via portal circulation. Using RNA-seq to examine the community microbial metatranscriptome, Maurice et al. (28) showed that following shortterm xenobiotic exposure, microbes exhibited altered gene expression pathways associated with tRNA biosynthesis, translation, vitamin biosynthesis, phosphate transport, the pentose phosphate pathway, and not surprisingly, xenobiotic metabolism/biodegradation using KEGG pathway abundance analysis coupled with HUMAnN and LEfSe. This xenobiotic metabolism can alter availability of specific drugs to the host. For instance, digoxin, a cardiac glycoside used to treat heart failure and arrhythmias, exhibits poor efficacy in some patients, due in part to gut microbial composition. Using several approaches, Haiser et al. (29) showed that specific strains of Eggerthella lenta could reduce digoxin, inhibiting its action in the host, and could be prevented by the presence of high levels of arginine. In another example, bioavailability of the Parkinson's therapy levidopa (L-dopa) was reduced in patients colonized with Helicobacter pylori in the stomach. Eradication of H. pylori led to significant increases in L-dopa levels in patient serum and improved efficacy (30) . In addition, microbial metabolism of the colon cancer treatment, irinotecan, was found to induce gastrointestinal toxicity via ␤-glucuronidase activity. Blocking ␤-glucuronidase with an inhibitor greatly reduced the gastrointestinal side effects (31) .
In the next section, bacterial metabolites will be examined through the lens of their biological significance related to gastrointestinal, neurological, and metabolic disease. Major metabolites related to these conditions will be highlighted, and a list of these metabolites can be found in Table 1 .
The challenge in using multi-omic approaches is developing tools to identify the best candidate metabolites and microbes for further study. The best inferences may come from incorporating and simultaneously assessing results from metagenomic/ metabolomics or metagenomic/metatranscriptomic datasets, for example. This approach will allow the overlay and prediction of which metabolites correspond to a bacterial gene/gene transcript, thus strengthening the ability to target a dynamic flow of events (32) . These capabilities are in their infancy, and more advances in data processing are on the horizon.
Mechanisms underlying the link between microbederived metabolites and systemic disease
Inflammatory bowel diseases
IBD includes UC and CD. Ulcerative colitis is localized only to the colon and characterized by superficial ulcerative inflammation, whereas CD occurs sporadically along the length of the GI tract and is characterized by transmural inflammation penetrating through the epithelium. Both can be debilitating during flare-ups, persist throughout life, and may require surgical resection of regions of the GI tract if remission is not achieved using standard therapies. Understanding host-microbe interactions underlying the disease could lead to strategies to alleviate symptoms or prevent relapse for these individuals.
It is appreciated that gut microbes play an intimate role in the development of IBD. Indeed, the GI tract contains the majority of microbes in the body and is a major site of host-microbe interactions. UC and CD are associated with decreased microbial diversity based on phylogenetic measurements through 16S rRNA sequencing as well as metagenomic analysis (33) . Another hallmark of IBD is microbial dysbiosis, which is characterized by the decreased abundance of commensals and increased abundance of pathogenic microbes, as well as reduced SCFA levels (34) . Commensal gut microbes perform a variety of functions important to the host, including protection from pathogens through secretion of antimicrobial molecules and improved barrier function through the production of bioactive metabolites, including SCFAs. However, pathogenic microbes secrete detrimental metabolites such as hydrogen sul- The following abbreviations are used: UC, ulcerative colitis; CD, Crohn's disease; IBD, inflammatory bowel diseases; SCFAs, short chain fatty acids; NOD, non-obese diabetic; NAFLD, non-alcoholic fatty liver disease; NASH, non-alcoholic steatohepatitis; CVD, cardiovascular disease.
fide and bile acid derivatives that may exacerbate inflammatory states (35) . Through metabolomic analysis, IBD patients exhibited dramatically reduced SCFA levels, methylamine, and trimethylamine (36) . Decreases in the levels of these microbe-derived molecules can elicit negative consequences, as SCFAs aid in maintaining epithelial integrity, thereby protecting the host from bacterial invasion and infection. For instance, butyratemediated activation of G-protein-coupled receptor (GPR)43 improves barrier function via histone deacetylase (HDAC) inhibition, stabilization of hypoxia, and regulation of intestinal macrophages and regulatory T cells. GPR43 inhibition, however, increases inflammation in mice (37) . Therefore, reduced levels of SCFA and lack of SCFA-mediated signaling leaves the epithelial barrier vulnerable to damage and bacterial penetrance.
Metabolomic analyses in patients with IBD also exhibit altered levels of tryptophan and tryptophan metabolites compared with control subjects (37, 38) . Tryptophan is a precursor to several bacterial metabolites that have a functional impact on the host. Studies on bacterial metabolism of tryptophan date back to the 1950s, at which time it was understood that tryptophan metabolism may involve several different pathways (39) . The tryptophan metabolite, indole, up-regulates the expression of tight junction proteins and reduces the expression of inflammatory genes (40, 41) presumably through interaction with the aryl hydrocarbon receptor (AHR) (42) . Indeed, activation of AHR using tryptophan metabolites ameliorates dextran sulfate sodium-induced colitis in mice (43) .
It was discovered that the host plays a significant role in the ability of the microbiota to metabolize tryptophan. For example, microbiota from mice lacking caspase recruitment domain family member 9 (CARD9) were unable to metabolize tryptophan, the products of which would otherwise activate AHR.
Conventionalization of GF mice with CARD9
Ϫ/Ϫ microbiota increased their susceptibility to develop colitis. Interestingly, intestinal inflammation in these mice was ameliorated with both the Lactobacillus strain and AHR agonist supplementation. Furthermore, microbiota obtained from IBD patients were less able to produce AHR ligands (44) . This study nicely exemplifies the coordinated action of microbe and host to control inflammation via metabolite production in colitis. Metabolites that are regulated in IBD can be found in Table 1 .
Neurological diseases
Mounting evidence shows that gut microbes contribute to neural development, as well as cognitive and behavioral health. Indeed, GF mice have increased blood-brain barrier (BBB) permeability from birth through adulthood, and conventionalization leads to improved BBB tight junction formation (45, 46) . Correlations have been made between neurological disorders and gut microbial dysbiosis brought on by usage of antibiotics, resulting in the development of irritable bowel syndrome and depression (47) . For example, Bercik et al. (48) found that antibiotic-treated mice displayed increased exploratory behavior and were less apprehensive. Furthermore, conventionalization of GF mice with BALB/c microbiota caused an increase in anxious and timid behavior compared with mice receiving NIH Swiss microbiota (48) .
Metabolite-driven effects on the CNS may occur through a direct impact on BBB cells or by altering signaling through the enteric nervous system (47) . SCFAs have been reported to activate sympathetic and autonomic nervous systems through both GPR41 and GPR43 activation in the gut and can directly cross the BBB. Animals exposed to an experimentally induced maternal microbial dysbiosis in utero, where SCFAs were significantly reduced, exhibited features of autism that mimicked human disease (47, 49) . In a separate study using metabolomics analysis, transplantation of feces exhibiting elevated cresol levels induced depression in recipient mice (50) . Furthermore, myelin expression was reduced in oligodendrocytes treated with cresol in vitro (50) . In addition to their role in the gut and the down-regulation of inflammation in IBD, tryptophan metabolites have been shown to decrease inflammation in the brain. Conversion of tryptophan into AHR ligands by gut microbes has been shown to activate AHR in astrocytes, resulting in decreased CNS inflammation (51) . Taken together, microbial metabolites can impact distal tissues, including the brain, contributing to neurological function and disease development. Further research in this area may lead to strategies for the prevention of neurological disorders.
Metabolic diseases: cardiovascular disease and non-alcoholic fatty liver disease (NAFLD)
Because the findings that bacterial metabolism of phosphatidylcholine and L-carnitine lead to cardiovascular disease (through production of trimethylamine and its subsequent conversion to trimethylamine N-oxide (TMAO) in the liver (52, 53) ), a number of additional metabolites have been identified that are associated with cardiovascular as well as non-alcoholic fatty liver disease (NAFLD). 2 Using metabolomic analysis, over 15 microbial metabolites were identified as predictors of coronary heart disease as well as their associated microbial source (54) . These metabolites included GlcNAc-6-P, mannitol, and 15 unique choline metabolites. Integration of metagenomic and metabolomics analyses revealed Clostridium sp. HGF2 was associated with production of GlcNAc-6-P, and Clostridium sp. HGF2, Streptococcus sp. M143, and Streptococcus sp. M334 were associated with the production of mannitol (54) . The exact mechanism for how these microbially derived metabolites drive coronary disease development remains to be explored.
Gut microbes play an important role in regulating choline and bile acid levels that are associated with fatty liver disease. For instance, using metabolomics analyses of plasma and blood, Dumas et al. (55) found that microbial metabolism of choline to methylamines mimicked choline deficiency in the host, resulting in NAFLD. In a separate human clinical trial, children presenting with NAFLD were given the probiotic VSL#3. Analysis of the urine metabolome following VSL#3 supplementation revealed that compared with healthy controls, children with NAFLD displayed decreased levels of tyrosine, valine, ␤-aminoisobutyric acid, pseudouridine, and methylguanidine, indicative of altered amino acid metabolism and RNA turnover (56) . These changes were in conjunction with improved body mass index and a reduction in histological fatty liver previously published within the same subjects (57) . Taken together, fatty liver disease appears to be associated with altered metabolites that are either produced or influenced by gut microbes.
Conclusion
Altogether, advances in the fields of metabolomics and microbiome analyses have resulted in the newly identified functional roles of several metabolites, such as SCFAs and tryptophan derivatives. These findings have shown great promise for the identification of novel therapeutic targets for several human diseases. Despite these advances, much remains to be discovered with regard to unidentified microbial metabolites and their implications in health and disease. To navigate the unknown microbial metabolome, advances in existing technologies will be required. However, with our current understanding, genetic modification of gut microbes to drive the production of specific metabolites may be a way in which physiological levels of these metabolites can be harnessed and formulated for medicinal use. This is not outside the realm of possibilities given the number of antimicrobial products derived from microbes that are in use today (1) . Of course, the safe use of these products will require a thorough understanding on how they interact with the host, and this may be achieved by combining meta-omic approaches and functional testing utilizing GF mice and intestinal organoid technologies (58) . Establishing new methods to integrate meta-omic datasets will also strengthen the ability to target potential bioactive microbial metabolites for further study. Given the wealth of data currently available and the current progress in the field, these achievements are on the forefront of microbiome research.
